Abstract 1,25-dihydroxyvitamin D (1,25D), through association with the nuclear vitamin D receptor (VDR), exerts control over a novel endocrine axis consisting of the bonederived hormone FGF23, and the kidney-expressed klotho, CYP27B1, and CYP24A1 genes, which together prevent hyperphosphatemia/ectopic calcification and govern the levels of 1,25D to maintain bone mineral integrity while promoting optimal function of other vital tissues. When occupied by 1,25D, VDR interacts with RXR to form a heterodimer that binds to VDREs in the region of genes directly controlled by 1,25D (e.g., FGF23, klotho, Npt2c, CYP27B1 and CYP24A1). By recruiting complexes of comodulators, activated VDR initiates a series of events that induces or represses the transcription of genes encoding proteins such as: the osteocyte-derived hormone, FGF23; the renal anti-senescence factor and protein co-receptor for FGF23, klotho; other mediators of phosphate transport including Npt2a/c; and vitamin D hormone metabolic enzymes, CYP27B1 and CYP24A1. The mechanism whereby osteocytes are triggered to release FGF23 is yet to be fully defined, but 1,25D, phosphate, and leptin appear to play major roles. The kidney responds to FGF23 to elicit CYP24A1-catalyzed detoxification of the 1,25D hormone while also repressing both Npt2a/c to mediate phosphate elimination and CYP27B1 to limit de novo 1,25D synthesis. Comprehension of these skeletal and renal actions of 1,25D should facilitate the development of novel mimetics to prevent ectopic calcification, chronic renal and vascular disease, and promote healthful aging.
Introduction
During the last decade, a new understanding of the homeostatic control of phosphate has emerged, emanating originally from the characterization of unsolved familial hypo-or hyperphosphatemic disorders which we now know are caused by deranged levels of bone-derived FGF23 [1] . In short, FGF23 has materialized as a novel chronic phosphate regulator. Several groups [2] [3] [4] have shown that 1,25D induces the release of FGF23 from bone, specifically from osteocytic cells of the osteoblastic lineage (Fig. 1) . Also uncovered was the FGF23 coreceptor, α-klotho (termed "klotho" herein), a bona fide longevity factor expressed primarily in the renal distal tubule [5, 6] (Fig. 1) . The dominant role of FGF23 is the elimination of phosphate at the kidney [7] , acting similarly to PTH by inhibiting Npt2a/c-facilitated reabsorption of phosphate. However, unlike PTH, which induces CYP27B1 under conditions of hypocalcemia, FGF23 represses CYP27B1 in hyperphosphatemic states [7] . Therefore the second major action of FGF23 at the kidney is to feedback repress vitamin D bioactivation (Fig. 1) . Concomitantly, FGF23 induces renal CYP24A1 to further lower 1,25D via degradation [8] (Fig. 1) . The 1,25D/VDR-FGF23-klotho-CYP24A1-phosphate system has surfaced as being equally significant to the well characterized PTH-CYP27B1-1,25D/ VDR-calcium axis [9] . The current review addresses the 1,25D/VDR-FGF23-klotho-CYP24A1 axis in its ability not only to control phosphate and preclude ectopic calcification, but also to feedback govern vitamin D bioactivation and catabolism to prevent hypervitaminosis D. Moreover, we present the novel hypothesis that this metered bonekidney axis is crucial for healthful aging by reducing risk of chronic diseases. Bone is an omnipresent source of FGF23, and the kidney is a nexus of control that produces both klotho and 1,25D, ultimately benefiting not only mineral metabolism, but perhaps also the vasculature, the immune system, and epithelial cells prone to fatal cancers [10] ( Fig. 1 ). Thus, with respect to the chronic diseases of aging, it is now becoming clear that the kidneys represent endocrine organs for healthful aging, and we contend that klotho is a third renal hormone after erythropoietin and 1,25D. These concepts emphasize the importance of renal health during aging, unveiling the kidney as a focal point for the prevention of chronic diseases (Fig. 1 ).
Fibroblast growth factor 23

Actions and pathophysiology
FGF23 is a recently recognized phosphaturic peptide hormone which functions acutely in concert with PTH, and chronically when PTH is suppressed by calcium and 1,25D. In fact, FGF23 directly represses PTH [11] (Fig. 1 ) to abolish the activation of CYP27B1 by PTH, while at the same time appropriating from PTH the role of phosphate elimination. Like PTH, FGF23 inhibits renal Npt2a and Npt2c to elicit phosphaturia [7] (Fig. 1 ). Yet oppositely to PTH, FGF23 is upregulated by 1,25D in osteocytes [1, 2, 4] , its major cell of endocrine production by bone. As illustrated in Fig. 1 (lower left), hyperphosphatemia enhances osteocytic FGF23 production independently of 1,25D, rendering FGF23 the perfect phosphaturic counter-1,25D hormone because it inhibits renal phosphate reabsorption, and 1,25D biosynthesis via inhibition of CYP27B1, while enhancing 1,25D degradation by inducing CYP24A1 in all tissues (Fig. 1) . In this fashion, FGF23 allows osteocytes to communicate with the kidney to govern circulating 1,25D levels as well as circulating phosphate, thereby preventing excess 1,25D function and hyperphosphatemia. FGF23 signals via renal FGFR1/klotho coreceptors to promulgate phosphaturia [12] and via renal FGFR3,4/klotho [13] to repress CYP27B1 [14] and induce CYP24A1 [7, 12] (Fig. 1 ). In the case of FGF23 control of phosphate, signal transduction occurs through phospho-ERK and induction of the early response gene Egr-1 [15] , whereas signaling to regulate circulating 1,25D levels is transduced through phospholipase Cγ and PKC [16] .
The physiologic roles of FGF23 are highlighted by the phenotype of the FGF23 knockout mouse [8] , for which the two dominant characteristics are hyperphosphatemia and ectopic calcification. FGF23 null mice (Fig. 2a) possess markedly elevated 1,25D in blood, and also have a shortened lifespan/premature aging, arteriosclerosis, osteoporosis, muscle atrophy, skin atrophy, hearing loss, and chronic obstructive pulmonary disease, with complications from the latter usually having fatal consequences [8] . Thus, FGF23, a gene induced by 1,25D, could be considered a longevity gene [10] . However, double knockouts of FGF23 with either VDR [17] or CYP27B1 [18] essentially rescue the FGF23 null phenotype in mice, indicating that the capability of FGF23 to function as a counter-regulatory hormone to 1,25D is key to its health and longevity benefits. The endocrine "Rosetta Stone" that allows the body to keep vitamin D in check is FGF23 and its signaling.
Notably, FGF23 regulation is complex and multifactorial. For instance, PHEX, the gene encoding an endoproteinase which is loss-of-function mutated in Xlinked hypophosphatemic rickets (XLH), acts to repress FGF23 expression [19] (Fig. 1) , and excess FGF23 causes the hypophosphatemic pathology in three disorders: (1) XLH; (2) tumor-induced osteomalacia, due to ectopic FGF23 secretion [20] ; and (3) autosomal dominant hypophosphatemic rickets (ADHR) [20] , wherein FGF23 is altered to preclude proteolytic inactivation. Conversely, loss of function mutations in the FGF23 gene elicit severe hyperphosphatemia and the clinical syndrome of tumoral calcinosis [1] .
Mechanism of control by 1,25D
That FGF23 production is highly dependent on 1,25D is proven by the extremely low levels of circulating FGF23 in VDR null mice [21] , and the dramatic 80-fold increase in serum FGF23 (Fig. 2b) , almost entirely from bone ( Fig. 2c) , when normal mice are treated with 1,25D [2] . Moreover, FGF23 mRNA is upregulated 78-fold by 1,25D (100 nM for 24 h) as shown in Fig. 2d in rat UMR-106 osteocyte-like cells of the osteoblast lineage. Generally, 1,25D-signaled increases in steady-state mRNA levels are the result of primary transcriptional activation mediated by liganded VDR in association with its RXR heterodimeric partner via vitamin D responsive elements (VDREs) present in or in the vicinity of the gene in question. Interestingly, with respect to the mechanism for control of FGF23 by 1,25D, we observed that induction of FGF23 by 1,25D is partially cycloheximide-sensitive (Fig. 2d) , suggesting either that part of the effect is a secondary one elicited via an intermediary transcription factor, or that VDR requires a rapidly turning over auxiliary factor. However, even in the presence of cycloheximide, there is a significant four-fold increase in the induction of FGF23 mRNA by 1,25D, suggesting that at least part of the dramatic 78-fold upregulation of FGF23 in osteocyte-like cells is mediated by a primary action of 1,25D-VDR/RXR. Consequently, we examined, in silico, the human FGF23 gene located on chromosome 12 for the presence of candidate VDREs. Putative VDREs were not detected in the proximal promoter, but two VDREs of the DR3 type are located at −35.7 kb and +8.6 kb, and two of the ER6 type are located at −32.9 kb and −16.2 kb (Fig. 3a) . In choosing an interval for in silico searches for candidate VDREs, we have assumed that transcription factors generally act on genes that are contained within the same CCCTCbinding factor (CTCF) site boundaries, denoted "insulators" [22] . The above listed VDREs are therefore all contained within the boundaries of insulators ZHAO12486 and ZHAO12487 [23] .
These putative FGF23 VDREs were tested by electrophoretic mobility shift assays (EMSA) and shown to bind VDR to varying degrees (Fig. 3b) . Insertion upstream of a luciferase reporter plasmid conferred 1,25D responsiveness using three (−35.7, −32.9, +8.6 kb) of the four candidate VDREs in the human FGF23 gene (Fig. 3c) . These three positive VDREs correspond to the most effective elements in the gel mobility shift assay, and possess moderate transcriptional activity, suggesting that these three elements, in their proper context, could explain in part the striking induction of FGF23 by 1,25D. With respect to other species, Liu et al. have reported a VDRE at −1156 bp in the proximal promoter of the rat FGF23 gene [4] and we have observed five candidate VDREs downstream of the rat FGF23 gene at +88 to +119 kb (data not shown). Recent data from the J.W. Pike group, summarized in a companion review in this issue, indicate that VDREs positioned far upstream as well as downstream of the promoter are highly significant in VDR-mediated gene control [24] .
Although part of the effect of 1,25D on FGF23 mRNA levels may be through VDREs, and a significant activation of FGF23 transcription occurs rapidly (4 h) after 1,25D treatment [2] , results from the R. Bouillon group reveal that a paracrine mediator derived from chondrocytes may be required for osteoblasts to respond fully to 1,25D when inducing FGF23 [25] . Also, as discussed above, the induction of FGF23 by 1,25D is partially blocked by cycloheximide treatment of the cells (Fig. 2d) . Thus, there is a good possibility that a 1,25D-induced secondary factor controls the FGF23 promoter. We find that the first 300 bp of the FGF23 promoter contain transcription factor (TF) binding sites that are highly conserved among mammals, including two c-Ets-1 binding sites, one CREB site and one GATA-3 site (Fig. 4) , along with selected other conserved TF binding sites. ChIP assays using antisera against acetylated histone H4 in rat UMR-106 cells revealed that the regions of the rat FGF23 proximal promoter from: -53 to +116 (purple in Fig. 4 ; CREB), -249 to −57 (c-Ets-1 & GATA-3), and −691 to −398, showed an enrichment in acetylated H4 after treatment for 17 h with 10 nM 1,25D (Fig. 4, insets) . The more distal −691 to −398 region is not well conserved among mammals but does contain two TF binding sites (CREB and c-Ets-1) that are conserved between mouse and rat (Fig. 4 , upper left). Moreover, real-time PCR experiments using mRNA from UMR-106 cells reveal that the rat c-Ets-1 factor is upregulated 2-fold after 24 h of 1,25D treatment [26] . In addition, another TF, STAT-1, is upregulated 2.4-fold by 1,25D in UMR-106 cells [26] . Therefore, as depicted schematically in Fig. 5 , 1,25D appears to act in a primary fashion through VDREs in the FGF23 gene located at approximately −36 kb, −33 kb, and +9 kb, as well as secondarily through 1,25D-induced transcription factors (GATA-3, CREB, c-Ets-1, and STAT-1) that activate the proximal promoter collectively to induce the FGF23 gene.
Control by phosphate, leptin, and other mediators
FGF23 synthesis is also governed by high phosphate [27] , possibly via an undiscovered transcription factor (analogous to signaling through Gq by the calcium sensing receptor in the parathyroid and other tissues) to induce the FGF23 gene, with the provocative possibility that these two independent secretagogues for FGF23 converge via VDR and another transactivator at a locus of regulation, possibly involving DNA looping, in the FGF23 gene. Additional factors that play a specific role in transduction of the phosphate signal are termed "hyperphosphatemia transducing transfactor(s)" (HTTs) (Fig. 5 ). The targeting of these factors will be of great interest to those attempting to modulate FGF23 in patients such as those in renal failure who may benefit from reduced FGF23 secretion [28, 29] . Finally, identification of these factors will also increase our comprehension of the control of FGF23 and we may for the first time be able to integrate the 1,25D and phosphate arms of FGF23 regulation with other known osteocyte players such as PHEX and DMP1 ( Fig. 1 (Fig. 5) , and the mouse FGF23 gene is replete with occupied phospho-STAT3 dimer sites as determined by ChIP-Seq [32] . Thus, at least three known triggers in the osteocyte, namely 1,25D, phosphate, and leptin, control FGF23 expression (Fig. 5) , and potential VDR accessory transcription factors may be the key to the integrated regulation of FGF23 by these three secretagogues.
There may also exist crosstalk between leptin and 1,25D and/or phosphate signaling, either in the cytoplasm via networking of phosphorylation pathways, or at the level of the FGF23 gene through overlapping or looped out responsive elements for leptin (STAT3), vitamin D (VDRE), and phosphate (termed PO4RE) (Fig. 5 ). As shown in Fig. 5 , phosphate may be the pivotal modulator of FGF23 expression, with fine-tuning by 1,25D and leptin signaling likely being dependent upon looping out of DNA to bring the PO4RE(s) near occupied VDREs and STAT elements.
FGF23 regulation is complex and multifactorial, including the suppressive proteins PHEX and dentin matrix acidic phosphoprotein 1 (DMP-1) (Fig. 1) . 1,25D represses PHEX expression in UMR-106 osteocyte-like cells, which is in accordance with the induction of FGF23 in that the PHEX suppressor is attenuated to permit maximal induction of FGF23 by 1,25D. It is conceivable that the mechanism of FGF23 induction by 1,25D is, in part or entirely, a consequence of PHEX repression, yet the PHEX substrate which ultimately regulates FGF23 transcription is not known. Although DMP-1 is apparently not a PHEX substrate, loss of function mutations in DMP-1 cause a phenotype identical to XLH, with excess FGF23 producing hypophosphatemia. This suggests that DMP-1, like PHEX, [34] that PHEX and DMP-1 regulate FGF23 expression in osteocytes through a common pathway involving FGF receptor (FGFR) signaling, intimating that PHEX and DMP-1 regulate FGF23 expression by impacting an autocrine loop in the osteocyte whereby FGF23 governs its own synthesis.
3 Klotho and fibroblast growth factor receptors
Forms, actions and pathophysiology
Klotho is the only reported single gene mutation that leads to a premature aging phenotype in the mouse [5] , and a recessive inactivating mutation in the human klotho gene elicits a phenotype of severe tumoral calcinosis [35] . Klotho-and FGF23-null mice have identical hyperphosphatemic phenotypes of short life-span/premature aging, ectopic calcification, arteriosclerosis, osteoporosis, muscle atrophy, skin atrophy, and hearing loss [5, 8] . Klotho is a known co-receptor for FGF23, whereas β-klotho is a coreceptor for other FGF hormones. Klotho exists in multiple forms [36] , a full-length (130 kDa) transmembrane co-receptor with a minimal cytoplasmic region of 11 amino acids and two extracellular domains with homology to glycosyl hydrolases, at least three proteolyzed forms that are shed into the circulation [37] , and finally a hypothetical 80 kDa secreted form produced by alternative splicing in exon 3 that generates a protein species possessing a portion of the extracellular domain containing one of the glycosyl hydrolase domains [38] . Because of the potential significance of these forms in klotho biology, much remains to be learned about how their expression is regulated. Recently, Thurston et al. have demonstrated that TNFα and γ-interferon are suppressors of renal klotho expression [39] ; the FGF23 ligand is also a putative repressor of klotho expression [40] . With the exception of a preliminary report by Tsujikawa et al. [41] who treated mice with various dietary and pharmacologic regimens, including vitamin D, inducers of klotho are poorly characterized. However, as detailed below, we observe that 1,25D significantly induces klotho mRNA expression at the cellular and molecular level in human and mouse renal cell lines.
Upregulation by 1,25D and curcumin
We carried out real time PCR utilizing RNA isolated from mouse (IMCD-3 and mpkDCT) cells as described previously [42] with primers designed to capture both alternatively spliced mRNAs for the membrane and secreted forms of klotho. The results (Fig. 6a) indicate that 1,25D treatment (100 nM for 24 h) induces klotho mRNA expression in the mouse distal tubule cell line (mpkDCT) as well as in the inner medullary collecting duct cells (IMCD-3). This induction is evident for both the membrane and secreted forms of klotho mRNA, suggesting that 1,25D may be capable of both amplifying FGF responsiveness and eliciting secretion of circulating klotho hormone. These data complement our previous demonstration of klotho mRNA induction by 1,25D in human proximal kidney (HK-2) cells [10] . Interestingly, curcumin, an alternative VDR ligand [43] , selectively upregulates membrane klotho mRNA in mpkDCT cells, indicating that distinct VDR ligands can differentially modulate the membrane and secreted forms of klotho. These data lead to the hypothesis that designer vitamin D analogs could promote the healthful aging benefits of systemic klotho without accentuating FGF23 action to perhaps elicit hypophosphatemia.
A bioinformatic analysis of both the human and mouse klotho genes reveals 11 candidate VDREs in the human gene and 17 putative VDREs in the mouse gene (Fig. 6b) . Electrophoretic mobility shift assays and transcriptional assays in transfected renal cells were performed with VDRE-luciferase reporter plasmids. EMSA of eleven candidate VDREs in the human klotho gene reveals that three of these (−46 kb, -31 kb and +3.2 kb) display an ability to bind VDR/RXR which is abrogated by the 9A7 anti-VDR mAb. Two of these VDREs (−46 kb and −31 kb) are more potent in this assay than the established rat osteocalcin VDRE (Fig. 6c) . Interestingly, the remote location of these two VDREs in relation to the transcriptional start site of klotho, yet residing between two insulators, is consistent with the new paradigm of VDR/RXR action in which the chromatin conformation loops out DNA to bring distant enhancers together adjacent to the RNA Pol II docking site [44] . Finally, we analyzed the functional activity of candidate VDREs at −46 kb, -31 kb and +3.2 kb in transfected HK-2 renal cells and observed striking (>10-fold) 1,25D responsiveness of VDREs corresponding to sequences at −46 kb 4 responsive element (PO4RE) in the conserved region at -13 kb. Phosphate is hypothesized to be the central regulator, with the net result being histone acetylation (Ac) at the proximal promoter, which facilitates the assembly of multiple transcriptional activation complexes on the conserved elements shown in Fig. 4 , likely amplified by DNA looping and −31 kb, but not +3.2 kb, in the context of synthetic VDRE-luciferase reporter constructs (Fig. 6d) . A similar analysis of 17 candidate mouse VDREs, of which only one shows a degree of positional (but not sequence) conservation with a human VDRE (Fig. 6b, red outline) , revealed that only two mouse VDREs at −35 kb and +9 kb that displayed gel shift activity comparable to the rat osteocalcin VDRE (Fig. 6e) . However, only the mouse klotho VDRE located at −35 kb displays transactivation ability (data not shown).
Thus, it appears that 1,25D-liganded VDR-RXR induces klotho expression by binding to functional VDREs in the range of 31 to 46 kb 5′ of the transcriptional start site of both the human and mouse klotho genes. Regarding the relevance of liganded VDR in maintaining klotho expression, the data in Fig. 7 suggest that klotho mRNA displays an age-related dependence on VDR, since lower levels of klotho expression were observed in older VDR KO mice kidneys. The decline in klotho mRNA in VDR KO vs. WT littermates after 21 days is statistically significant (Fig. 7) , but modest in magnitude; nevertheless, assuming the protein reflects the mRNA concentrations, a modest increase (even only 25%) within this span of life could still make a significant impact in protecting aging tissues such as the vascular system. Keisala and colleagues have reported that renal klotho mRNA expression is lower in VDR null mice compared to their normal littermates, but the difference is not statistically Mouse klotho VDREs, especially those at -35 kb and +9 kb (#12 and #17, respectively) exhibit strong VDR electrophoretic mobility shift activity (e). A rat osteocalcin DR3 element (ROC) serves as the positive control for the EMSAs in c and e significant as it is for depressed hepatic FGF23 mRNA expression in VDR KO mice [45] . Thus, FGF23 appears to be more dramatically dependent on VDR activation in liver than is klotho on VDR activation in distal renal tubule.
Cardiovascular benefits
Both klotho and VDR knockout mice display increased cardiovascular complications [5, 46] . Klotho knockout mice show ectopic vascular calcification in large and small vessels and endothelial dysfunction, the latter of which can be restored in a parabiosis model, suggesting reversibility by circulating klotho [47, 48] . Similarly, VDR null mice demonstrate elevated cardiovascular risk factors including increased blood pressure and left ventricular hypertrophy (LVH) and fibrosis [46] . Recently, klotho gene transfer to an adult spontaneously hypertensive rat (SHR) model was reported to result in a prevention of agingrelated increases in blood pressure and reductions in aortic markers of oxidative stress [49] . In addition, a link between this anti-aging gene and the renin-angiotensin system has been suggested based on recent studies demonstrating angiotensin II-induced downregulation of klotho mRNA [49] . Furthermore, klotho gene transfer has been shown to mitigate angiotensin II-induced renal damage [49] .
4 Phosphate homeostasis, bone disease and aging 1,25D is primarily a calcemic hormone through its actions to stimulate intestinal calcium absorption, bone calcium resorption, and renal calcium reabsorption. Although 1,25D enhances intestinal phosphate absorption via the induction of Npt2b [50] , because phosphate is abundant in the diet and constitutively absorbed by the small intestine, the phosphate absorption effect of 1,25D may not be as physiologically important as the profound effect of 1,25D to trigger calcium transport. Although 1,25D is thought to provoke phosphate reabsorption at the kidney, it has been difficult to show that this effect is physiologically relevant, perhaps because of the weak induction of renal Npt2a by 1,25D [51] . 1,25D does induce Npt2c [9, 52] ; however, ablation of this gene in mice does not cause hypophosphatemia [53] despite the fact that a loss of function mutation in human Npt2c does elicit hypophosphatemia [54] . Thus, there may be a species difference between the impact of Npt2c on phosphate homeostasis, and data from mice suggest that Npt2c may be more important as a controller of calcium metabolism through control of FGF23 levels [53] . Therefore, the dominant regulators of renal phosphate reclamation appear to be PTH and FGF23, with 1,25D playing little or no role at the kidney but instead regulating PTH at the parathyroid glands and FGF23 in osteocytes.
Based on the above, it is likely that hypophosphatemic rickets and osteomalacia occur only in situations of excess FGF23 action, unlike hypocalcemic rickets and osteomalacia which transpire with either vitamin D or calcium insufficiency.
Chronic hyperphosphatemia, such as occurs in FGF23 and klotho knockout mice, apparently through aberrantly high 1,25D levels, seems to promote senescence. Interestingly, mice models with hypervitaminosis D [45] , as well as vitamin D receptor null mice, also undergo premature aging. Thus, in pharmacologic doses or pathological excess, 1,25D generates a phenocopy of the FGF23 ablated mouse, including ectopic calcification, skin atrophy, osteoporosis, vascular disease and emphysema, while the physiologic activities of optimal 1,25D provide for healthful aging and prolong life by lowering the risk of chronic disorders of old age.
Phosphate is abundant in a normal diet and is a fundamental biologic component of not only mineralized bone, but essential biomolecules such as DNA, RNA, phospholipids, phosphoproteins, ATP, metabolic intermediates, etc. Yet phosphate excess may act as a pro-senescence factor independently of 1,25D. For example, an excess of phosphate in the blood can lead to ectopic calcification and arteriosclerosis, COPD, chronic kidney disease, loss of hearing, etc. Fortunately, FGF23 and klotho are designed to eliminate systemic phosphate and perhaps promote healthspan. Klotho, as discussed above, appears to have systemic anti-aging properties independent of its phosphaturic actions, perhaps through its glycosyl hydrolase enzymatic activity [55] . By analogy, the kidney also releases renin, a hormone with proteolytic enzyme activity. Conversely, although FGF23 is anti-aging at the kidney by eliciting phosphate elimination and detoxifying 1,25D, its "off-target" actions could actually be pro-aging in terms of coronary artery disease, and it is possible that these off-target FGF23 pathologies are opposed by secreted klotho [1] .
Therefore, the conceptual insights summarized in the present review not only provide greater fundamental understanding of vitamin D and phosphate homeostasis, but may also enhance our comprehension of the pathophysiology of aging disorders (e.g., osteoporotic fractures, muscle weakness, atherosclerosis, ectopic calcification, and hearing loss). Perhaps the prevention and treatment of diseases of aging could not only include statins, a low fat diet and exercise, to reverse the pathology of atheromas, obesity, and Type II diabetes, but would also feature enhanced levels of vitamin D and klotho, to prevent hypertension, improve the underlying cellular infrastructure of the vasculature, preclude ectopic calcification, and maintain a fracture-free skeleton through remodeling. These clinical benefits may be realized through the actions of the FGF23/klotho/1,25D/phosphate axis which are analogous to the healthful effects of antagonizing the "sister" FGF19/FXR/bile acid axis to enhance cholesterol clearance, and the activation of the FGF21/PPARα/polyunsaturated fatty acids axis to stimulate degradation and impede synthesis of saturated fatty acids and cholesterol. Strikingly, there is evidence [56] that the FGF19, FGF21, and FGF23 sibling axes network to achieve optimal lipid, carbohydrate and mineral homeostasis. Finally, the α-klotho co-receptor/mediator of FGF23 effects appears also to function with FGF19 and FGF21, perhaps explaining the broad chronic disease spectrum of the α-klotho null mouse [5, 56] .
In summary, we hypothesize that 1,25D is an anti-aging/ wellness hormone through its ability to induce klotho, a bona fide anti-senescence principle, and assert that optimum levels of 25D manifest as anti-aging. However, as shown by Keisala et al. [45] , both the VDR KO and vitamin D toxic animals display similar pro-aging phenotypes. This situation of dichotomy with respect to 1,25D action is analogous to the actions of the only other known toxic fat soluble vitamin, namely vitamin A and its active retinoic acid metabolite. In physiologic quantities, retinoids mediate epithelial cell differentiation and barrier formation, embryonic development, etc., yet pharmacologic excesses of vitamin A and retinoic acid yield epithelial pathologies such as gastroenteritis and exfoliation, and embryopathy, respectively. Whereas no feedback control exists in the vitamin A system, the FGF23 endocrine system allows the body to keep vitamin D in check by inducing CYP24A1 in conjunction with 1,25D (Fig. 1) . Thus, we hypothesize that CYP24A1 represents a second anti-aging gene, along with klotho, that is expressed in response to the vitamin D hormone. Moreover, we propose that CYP24A1, the catabolic enzyme that prevents vitamin D toxicity and ectopic calcification, is also induced by FGF23, a unique mechanism for control of steroid hormone degradation in an endocrine system. Additionally, we postulate (above) that the 1,25D-VDR/FGF23/ klotho/CYP24A1 system is analogous to "sister" paradigms [57] of bile acids-FXR/FGF15,19 and polyunsaturated fatty acids-PPARα/FGF21 that protect the vasculature via cholesterol catabolism (i.e., CYP7A1) and fatty acid clearance (i.e., β-oxidation), respectively, with the 1,25D anti-aging axis limiting inflammation and calcification.
Bone and kidney in an endocrine/phosphate metabolism duet
The environmental cues that activate the novel endocrine duo of bone and kidney are exposure of the skin to solar radiation and/ or dietary intake of vitamin D, as well as the nutritional availability of calcium and phosphate. Thus, the skin and the small intestine represent the "receivers" of micronutrient and [66] , display a statistically significant trend toward lower renal expression of klotho mRNA at ≥21 days of age versus WT controls. However, this decline is preceded by increased klotho mRNA in younger VDR KO mice. Thus, klotho may be VDRdependent only in aging mice mineral input that is required for optimal health and bone mineral density. The endocrine axes are initiated when sensors of calcium on the parathyroid gland and of phosphate on the osteocyte in bone read the prevailing levels of their respective ions and secrete peptide hormones with actions focused on the kidney. One of the actions of PTH at the kidney is to stimulate 1,25D production, which in turn serves as an agent for PTH to promote intestinal calcium absorption and close the endocrine loop triggered by low calcium availability. PTH also elicits acute phosphaturia to counter any excess phosphate absorption caused by 1,25D. Independently, the osteocyte likely perceives phosphate concentrations to elaborate FGF23 in situations of hyperphosphatemia. FGF23 causes chronic phosphaturia to prevent ectopic calcification and maintain phosphate homeostasis. In addition, FGF23 functions as a three-pronged attenuator of 1,25D action, namely by: (a) inhibition of PTH secretion, (b) repression of renal CYP27B1, and (c) induction of renal CYP24A1. This multi-faceted action of FGF23 as a counter regulator of 1,25D results in dramatic attenuation of circulating levels of the 1,25D hormone. Notably, 1,25D is a significant secretagogue for FGF23 at the osteocyte, and therefore the ability of FGF23 to diminish 1,25D constitutes a classic counterregulatory feedback loop between the two hormones in bone and kidney, respectively. As a result of this endocrine duet, bone mineralization is maintained at a normal level and calcium and phosphate are optimally available for their myriad of other functions in biochemistry and physiology.
Besides bone and mineral, 1,25D, FGF23, and klotho are candidates for modulating the aging process and determining healthspan. For instance, low or very high levels of circulating 25(OH)D are associated with divergent agerelated diseases including frailty [58, 59] , prostate [60] and pancreatic [61] cancers, and cardiovascular disease [62, 63] suggesting that optimal vitamin D levels promote healthful aging. Similarly, the absence of FGF23 [8] or its excess, for example in end-stage renal disease, leads to premature mortality [29] from heart disease, suggesting again that only optimal levels of FGF23 provide longevity through lowering the risk of chronic disease. Finally, hyperphosphatemia appears to be an independent risk factor for senescence [64, 65] despite the crucial presence of phosphate in virtually all cellular biomolecules. In conclusion, it is the ability of 1,25D, FGF23, and klotho to tightly control phosphate metabolism, as well as to regulate each other and interface with calcium metabolism, that facilitates longevity free of chronic disease.
